We have studied the correlation between the structural distortion and the electronic/magnetic properties in single-crystalline (Lu,Sc)Fe 2 O 4 (Sc=0.05 and 0.3) by using X-ray diffraction (XRD), magnetic susceptibility, and X-ray absorption spectroscopy (XAS)/X-ray magnetic circular dichroism (XMCD) measurements. The Rietveld structure analysis of the XRD patterns revealed that the Sc substitution induced an elongation of the FeO 5 bipyramidal cages in LuFe 2 O 4 and increased the Fe 2 O 4 bilayer thickness. A non-negligible decrease in the ferrimagnetic transition temperature T C is observed in the magnetic susceptibility curve of the Sc=0.3 sample, but the XAS/XMCD spectra do not show any difference except for a small reduction of dichroism signals at the Fe 3+ absorption edge. We interpret this suppression of T C to be the result of a decreased spin-orbit coupling effect in the Fe 2+ e 1g doublet under D 3h symmetry, which is induced by the weakened structural asymmetry of the FeO 5 bipyramids.
I. INTRODUCTION
The revived interest in multiferroic systems over the last decade has found various kinds of couplings between multiple long-range orders [1] . One prototypical example for the variety is the ferroelectricity induced by Fe valence ordering in bilayered LuFe 2 O 4 [2] . This system has mixed valent Fe cations with a one-to-one ratio of divalent to trivalent ions, so the average value of the Fe valences is Fe 2.5+ . At temperatures below ∼320 K, the trivalent ions and the divalent ions are ordered to a specific pattern that breaks inversion symmetry, thus inducing ferroelectricity. This ferroelectricity induced by valence ordering is quite contrastive and unique in that the traditional origin of spontaneous electric polarization in solids is the so-called d 0 -ness where transition-metal cations with no d-electrons are located at an offcentered position [3] . However, successive studies on this polar state have challenged the originally proposed charge-ordered state, and this issue is still under debate [4] [5] [6] [7] [8] [9] . Even though whether LuFe 2 O 4 has a polar state in a macroscopic range has not been definitely determined, the charge-ordered state within an Fe 2 O 4 bi-layer is clearly polarized, so a concrete interaction study on the charge and spin orders is still important for understanding this system.
A magnetic transition occurs at T C ∼240 K in this system, so multiple long-range orders, i.e., ferroelectric order and ferrimagnetic order, co-exist at temperatures below T C .
The exact spin ordering pattern in the Fe 2 O 4 hexagonal bilayer has been proposed based on the X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) studies [10] . The analysis of the XAS/XMCD spectra suggests that the Fe 2+ spins are ferromagnetically ordered by the spin-orbit-coupling while the Fe 3+ spins are antiferromagnetically ordered, possibly by the superexchange interaction. The issue on the inter-bilayer magnetic coupling in LuFe 2 O 4 is actually coupled to the question of whether this system is intrinsically ferroelectric or not [11] . Our previous neutron diffraction study on this issue
suggested that the inter-bilayer coupling in LuFe 2 O 4 was a mixture of ferromagnetic and antiferromagnetic ones, but that the ferromagnetic type was preferred [12] . The mixtures were fired two times for feed rods under a flow of a CO/CO 2 gas mixture at 1200
• C in order to achieve the right oxygen stoichiometry [15] . The single crystals were grown with the feed rods by using the floating-zone method with an optical furnace in the laboratory of Pohang Emergent Materials. During the crystal growth process, the flow of the CO/CO 2 gas mixture was maintained at atmospheric pressure. The single phase of the samples in this work was checked by using XRD at each step.
Magnetization measurements were performed using a commercial magnetometer with a superconducting quantum interference device. The X-ray absorption and X-ray magnetic circular dichroism experiments were performed at the 2A elliptically-polarized undulator beamline in the Pohang Light Source. The samples were cleaved in situ by using the so-called top-post method at a pressure of ∼3×10 −10 Torr. The polarization-dependent X-ray absorption spectra were obtained at 210 and 300 K, respectively, with ∼98% linearly-polarized light at 0 • and 60
• beam incidence to the surface normal. For the XMCD measurements, a 0.6 T magnetic field was applied to the samples to align the magnetic moments at 210 K, and the incident photon angle was 22.5
• relative to the magnetic field's direction. The absorption spectra with an energy resolution of ∼0.15 eV were acquired in a total electron yield mode and were normalized to the incident photon flux. Figure 1 shows the XRD patterns of our Sc-substituted LuFe 2 O 4 with a Rietveld analysis result. For each XRD pattern, the blue curve is the fitting profile, the black bars are the positions of the Bragg peaks, and the green line is the differences between the observations and the fittings. The two patterns look very similar except for small shifts in the positions of the peaks, implying that Sc substitution induces changes in the lattice parameters without inducing changes in the symmetry of the crystal structure. Because the crystal structure of the mother compound LuFe 2 O 4 is rhombohedral (R3m) at temperatures above the charge-ordering temperature (T CO =320 K), we refined the crystal structure of Scsubstituted LuFe 2 O 4 in the same symmetry by using Fullprof [16] , mainly focusing on the distortion of the FeO 5 bipyramidal cages as a function of the Sc concentration. The unit cell of the crystal structure is shown in Fig. 2(a) . As the Sc concentration increases, the lattice constant a decreases, but c increases with a small amount of decrease in unit cell volume.
III. RESULTS AND DISCUSSION
In the local structure, the average bond length of Fe-O inp gets shorter, but that of Fe-O apical Fig. 2(c) . In comparison with the bond length change, the major bond angles of O-Fe-O, α and β, change only within an ∼1% range. Detailed information on the lattice elongation is available in Table I . severely depend on the sample preparation conditions and the measuring mode, so several possible scenarios such as the local antiferromagnetic stacking model [17] , the collective freezing model [18] , and the charge fluctuation model [19] , have been proposed, but no clear converging view exists yet. Also, multiple magnetic transitions are reported at ∼175, ∼135, and ∼80 K in an oxygen stoichiometric study and a thermal treatment study [17, 18, 20] , two of which are barely seen in Fig. 3(a) , as indicated by the arrows. Because these low- antiparallel to the applied magnetic field. Thus, the XMCD signal indicates that the Fe spins are ferrimagnetically aligned. Also, the dichroism weight of S=5/2 being smaller than that of S=2 gives a constraint that not all S=5/2 spins are aligned parallel to one another.
The dichroism peak weight of S=5/2 looks to be almost unaffected by the Sc concentration.
In the inset of Fig. 4 , we overlap the XMCD spectra to compare the dichroism signals, and only a small reduction of the dichroism peak weight of Fe 3+ ions for Sc=0.3 is discerned.
Thus, the effects of Sc substitution on the Fe 3+ spin alignment can be regarded as negli- Fig. 5 . The assigned orbital energy structure is identical to that of LuFe 2 O 4 in the previous study [10] .
By combining all our observations, we can deduce one phenomenological result that an increase in the bilayer thickness, together with an elongation of the FeO 5 bipyramids in 
IV. SUMMARY
We successfully synthesized single crystals LuFe 2 O 4 with Sc substituting for Lu ions by using a floating zone method and investigated the crystal structure distortion and the electronic/magnetic structure change by using XRD, magnetic susceptibility, XAS, and XMCD measurements. The Rietveld structure analysis of the XRD patterns revealed that the Sc substitution induced an elongation of the FeO 5 bipyramidal cages in LuFe 2 O 4 and an elongation of the unit cell. At a concentration of Sc=0.3, a non-negligible decrease in the ferrimagnetic transition temperature is observed in the magnetic susceptibility curve, but the XAS/XMCD spectra does not change very much except for a small reduction of the dichroism signals at the Fe 3+ absorption edge. The decrease in T C is quite noticeable because this class of materials is famous for having a robust transition temperature at 240 K.
We interpret the suppression of T C to be the result of the decreased spin-orbit coupling effect in the Fe 2+ e 1g doublet under D 3h symmetry, which is induced by the weakened structural asymmetry of the FeO 5 bipyramids in Sc-substituted LuFe 2 O 4 .
